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In f resh ly  mined coal ,  sulfur  i s  present i n  two major forms: as iron pyrite 
and as organic s u l f u r ,  i . e . ,  as su l fur  chemically bonded t o  carbon and thus com- 
pr is ing an in tegra l  part of  the organic coal matrix(1). 
dis t r ibuted i n  varying proportions between large framboidal pyr i te ,  the major 
portion, and microfine pyr i te  which i s  encapsulated in  the organic coal matrix. 
While the majority of the pyri te  can usually be removed by conventional physical 
beneficiation processes, encapsulated microfine pyr i te  as well as organic sulfur  
are  n o t  responsive t o  these cleaning procedures. Consequently, a number of  chemi- 
cal oxydesulfurization procedures have been proposed and investigated in order t o  
supplement the physical beneficiat ion of coal. One of these techniques, the Ames 
Process(2), u t i l i z e s  0.2 M aqueous Na2C03 a t  150°C under a pressure of 200 psi 02 
for  one hour. 

and Wheelock(3). 
pyri te  and were able  t o  demonstrate qu i te  dramatically t h a t  pyr i te  (FeS2) i s  con- 
verted to  hematite (Fe203) under the process conditions. 

from coal i s  much more complicated due t o  the inaccuracy of the ASTM method for  
determining organic su l fur  i n  coal and the paucity of  information de ta i l ing  the 
organic s u l f u r  functional group d is t r ibu t ion  in coal. 
t i t a t i v e  method f o r  determining organic s u l f u r  can be a t t r ibu ted  p a r t i a l l y  t o  a 
lack of precision i n  the ASTM method of determining organic sulfur  by difference,  
which Paris(4)  has found t o  be as high as ~ 2 5 %  a t  two standard deviations. 
additional source o f  e r ror  has been shown by Greer(5) t o  involve organical ly  en- 
capsulated microfine pyri te .  While th i s  pyri te  would be i n e r t  t o  extract ion with 
n i t r i c  acid i n  the raw coal and t h u s  would report  as organic s u l f u r ,  subjecting the 
coal t o  150-200°C for an hour in  the presence of water and oxygen should remove 
t h i s  microfine pyr i te  or, a t  l e a s t ,  render i t  accessible to  the n i t r i c  acid ex- 
t ract ion.  
moval of organic su l fur .  
organic su l fur  removal by the ASTM method could eas i ly  be in  error  by as much as 
?50% of  the  raw coal value. 
cesses claim the removal of organic su l fur  from coal u p  t o  a maximum of 40%, we s e t  
out to  assess the v a l i d i t y  of these claims by subjecting model compounds t o  the 
Ames conditions. 

process involving i n i t i a l  oxidation a t  su l fur  t o  produce sulfoxides and sulfones. 
This step i s  then though t o  be followed by the thermal a n d ,  in  the Ames Process, 

The p y r i t i c  su l fur  i s  

Some of the e a r l y  model compound work on the h e ,  Process was done by Greer 
These workers investigated the e f fec t  of the Ames Process on iron 

The assessment of the eff icacy o f  the  Ames Process in  removing organic sulfur  

The inaccuracy of the  quan- 

An 

The data  generated from the  t reated coal would indicate  a n  apparent re- 
On the basis of these considerations, the evaluation of 

Since b o t h  the  PETC and Ames Oxydesulfurization Pro- 

Conceptually, t h i s  type of oxydesulfurization has been described as a two s tep  

(0) heat and/or 
R2S ,-> R2SOx -> R - R  t SOx 

base 

base assis ted extrust ion of  SO,. 
f u r  f a c i l i t a t e s  desulfur izat ion by polarizing and weakening the carbon t o  sulfur  
bond ( 6).  

I n  t h i s  formulation, the i n i t i a l  oxidation a t  sul-  
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The r e s u l t s  f o r  model compounds are presented i n  Table 1 .  The lack  of 
r e a c t i v i t y  e x h i b i t e d  was su rp r i s ing .  
may a c t  as a c a t a l y s t  i n  the ox ida t i on ,  reac t i ons  o f  severa l  compounds were c a r r i e d  
ou t  i n  the presence o f  coal. These r e s u l t s  a re  shown i n  Table 2. 

TABLE I. 

I n  o rde r  t o  assess the p o s s i b i l i t y  t h a t  coa l  

EFFECT OF AMES PROCESS ON MODEL ORGANIC SULFUR COMPOUNDSa 

Y IELOS 

RECOVERED 
START I NG 
MATERIAL 

VYa 

!x 

96% 

8 i% 

98x 

9VL 

3 6"/, 

29% 

PRODUCTS 

@S03Na (95%) 

@S03Na (9%) 

No reac t i on  

No r e a c t i o n  

No r e a c t i o n  

a1500C, 200 p s i  0 2 ,  0.2M aqueous Na2C03, 1 hour. 

TABLE 2 .  EVALUATION OF POSSIBLE COAL CATALYSIS IN AMES PROCESS 

Model Compound 

Dibenzothiophene 

Diphenyl  S u l f i d e  

O i o c t y l  S u l f i d e  

Benzyl Methyl S u l f i d e  

Y i e l d  of Recovered S t a r t i n q  M a t e r i a l  

Model Compound L o v i l i a  Coal Added 

O2 - N2 
Alone - 
96% 83% 76% 

98 76 74 

90 -- 
36 75 13 

a2 
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I n  order t o  take  i n t o  account t h e  decreased recovery expected due t o  adsorp t ion  
o f  t h e  model compounds on to  coa l ,  runs us ing  bo th  oxygen and n i t r o g e n  were per-  
formed. 
c i p l e  func t i ona l  groups expected t o  be i n  coa l ,  a re  i n e r t  t o  o x i d a t i o n  under the  
Ames Process cond i t ions .  

o x i d a t i o n  t o  d i s u l f i d e s  (7)  
f o n i c  acids under more f o r c i n g  c o n d i t i o n s  i s  a l so  known(8). 
s u l t s  o f  t h e  r e a c t i o n  o f  two compounds, benzyl  methyl  s u l f i d e  and benzyl phenyl 

The r e s u l t s  c o n f i r m  t h a t  s imp le  s u l f i d e s  and dibenzothiophene, the  p r i n -  

O f  t h e  r e a c t i v e  func t i ons ,  th iopheno ls  a re  w i d e l y  known t o  underqo f a c i l e  a i r  
and t h e  o x i d a t i o n  o f  th iopheno ls  and d i s u l f i d e s  t o  su l -  

That leaves the  re -  

3)  
NaOH, O 2  

c a t a l y s t  o r  h e a t  

s u l f i d e ,  t o  be explained. The f a c t  t h a t  i t  i s  o n l y  t h e  b e n z y l i c  s u l f i d e s  which 
a r e  r e a c t i v e  i s  remin iscent  o f  hydrocarbon a u t o x i d a t i o n ,  a l ong  known and w e l l  
s t u d i e d  process which i nvo l ves  t h e  f r e e  r a d i c a l  a b s t r a c t i o n  o f  hydrogen from weak 
carbon-hydrogen bonds (9). Table 3 presents  t h e  r e l a t i v e  r a t e s  o f  hydrogen ab- 
s t r a c t i o n  f rom some r e p r e s e n t a t i v e  compounds by phenyl r a d i c a l  ( l o ) ,  t he  most 
s t u d i e d  o f  t h e  hydrogen a b s t r a c t o r s  and t - b u t y l p e r o x y  r a d i c a l  ( l l ) ,  more c l o s e l y  
s i m i l a r  t o  t h e  peroxy r a d i c a l s  which we p o s t u l a t e  would be t h e  hydrogen a b s t r a c t i n g  
spec ies  i n  t h e  Ames Process, as w e l l  as the  a u t o x i d a t i o n  r a t e  o f  t he  pure compounds. 

RELATIVE RATES OF HYDROGEN ABSTRACTION BY FREE RADICALS TABLE 3. 

Compound Ph', 60°Ca (CH3)3COO' , 30°Cb RH + R O O . ,  30°Cb 

'Data o f  r e f e r e n c e  10. 

o x i d i z e d  t o  e i t h e r  t h e  s u l f o x i d e  o r  s u l f o n e ,  which then are respons ib le  f o r  t he  ob- 
served products, both benzyl phenyl s u l f o x i d e  and benzyl phenyl su l fone were sub- 
j e c t e d  t o  t h e  r e a c t i o n  cond i t i ons .  Because t h e  s u l f o n e  i s  i n e r t ,  i t  can be r u l e d  
o u t  as a p o s s i b l e  r e a c t i o n  in te rmed ia te .  
g ives  sulfone as one o f  t h e  products.  Since su l fone i s  no t  i s o l a t e d  i n  the  o x i -  
d a t i o n  o f  s u l f i d e  under process c o n d i t i o n s ,  t h e  s u l f o x i d e  i s  a l so  e l i m i n a t e d  as a 

bData o f  r e f e r e n c e  11. 

I n  o rder  t o  r u l e  ou t  t h e  p o s s i b i l i t r  t h a t  t h e  b e n z v l i c  s u l f i d e s  are i n  fact. 

Al though i t  does reac t ,  t h e  s u l f o x i d e  
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,-> No Reaction (93% recovery) (4) 

22% 45% 

poss ib le  r e a c t i o n  in termediate.  

Beside benzy l i c  s u l f i d e s ,  one would expect t h a t  some hydrocarbons, f o r  ex- 
ample, f luorene,  would a l so  be r e a c t i v e  t o  the o x y d e s u l f u r i z a t i o n  cond i t i ons .  
Under Ames process cond i t i ons ,  f l uo rene  i s  indeed degraded t o  i t s  known au tox i -  
d a t i o n  product ,  f l uo renone( l3 ) .  Whi le  we have n o t  y e t  r u n  o t h e r  hydrocarbons 
which m igh t  be expected t o  be r e a c t i v e ,  we b e l i e v e  t h a t  t hey  w i l l  behave s i m i l a r l y .  

F l e d g l i n g  s tud ies  o f  s u l f u r - c o n t a i n i n g  s y n t h e t i c  po l ymers ( l4 )  add support t o  
t h e  model compound s tud ies .  Table 4 shows the  r e s u l t s  o f  s u b j e c t i n g  t h r e e  modi- 
f i e d  polystyrenes t o  t h e  h e s  Process cond i t i ons .  Both the  phenyl th iomethy l  and 
t o l y l  t h iomethy l  po lystyrenes are analogs o f  t h e  model compound, benzyl phenyl 
s u l f i d e .  
f o r  s o l i d  c o a l ,  were r e a c t i v e ,  b u t  l ess  so than t h e  corresponding model compound. 
Polystyrene c ross - l i nked  by dibenzothiophene i s  un reac t i ve ,  con f i rm ing  t h e  i n e r t -  
ness o f  t h e  dibenzothiophene mo ie ty  t o  o x y d e s u l f u r i z a t i o n .  

As we had an t i c ipa ted ,  t he  s o l i d  polymers, which should be b e t t e r  models 

TABLE 4. EFFECT OF THE AMES PROCESS ON SULFUR-CONTAINING POLYSTYRENE POLYMERS~ 

% S u l f u r  Removed 

10% 

2 0% 

0 

a150"C, 200 p s i  02, 0.2 M aqueous Na2C03, 1 hour. 

b@= po lys ty rene  backbone; s u b s t i t u e n t s  are at tached through t h e  para p o s i t i o n .  

OBT = dibenzothiophene nucleus, 

5 3  



F i n a l l y ,  we have sub jec ted  the  p y r i d i n e  e x t r a c t  o f  an I l l i n o i s  #6 coal  t o  
t h e  Ames Process cond i t ions .  
and hence, t h e  q u i t e  accurate t o t a l  s u l f u r  d e t e r m i n a t i o n  i s  a l so  t h e  organ ic  s u l -  
f u r  de termina t ion .  
does no t  reduce t h e  organ ic  s u l f u r  l e v e l  o f  t h e  e x t r a c t .  On t h e  o t h e r  hand, some 
o f  t h e  e x t r a c t  i s  apparent ly  o x i d i z e d  as judged by t h e  inc rease i n  S/C r a t i o ,  the  
inc rease i n  o x y F n  content,  and t h e  increased O/C r a t i o .  

model compound s tud ies  are,  i n  summary, t he  f o l l o w i n g :  

A l l  o f  t h e  s u l f u r  i n  an e x t r a c t  i s  o r g a n i c a l l y  bound 

The r e s u l t s  i n  Tab le  5 show t h a t  o x y d e s u l f u r i z a t i o n  apparent ly  

Our conclusions concerning t h e  o x y d e s u l f u r i z a t i o n  process as gleaned from 

1. Thiophenols and d i s u l f i d e s  a r e  the  o n l y  groups o x i d i z e d  a t  s u l f u r .  
2. S u l f i d e s ,  i n c l u d i n g  thiophenes, are n o t  o x i d i z e d  a t  s u l f u r .  

4. React ive  carbon-hydrogen bonds i n  f u n c t i o n s  no t  c o n t a i n i n g  s u l f u r  a l s o  
reac t .  

5. The Ames Process i s  d i r e c t l y  analogous t o  hydrocarbon au tox ida t ion .  
6. More e f f i c i e n t  s u l f u r  removal w i t h o u t  severe degradat ion  o f  t he  coal  

i s  n o t  p o s s i b l e  under the  present  process c o n d i t i o n s .  

The success which these model compound s tud ies  have had i n  d e f i n i n g  t h e  l i m i t s  

. 3. React ive s u l f i d e s  a re  o x i d i z e d  a t  r e a c t i v e  carbon-hydrogen bonds. 

of t h e  e f f i c a c y  o f  t he  Ames o x y d e s u l f u r i z a t i o n  process encourage us t o  b e l i e v e  
t h a t  t h i s  approach w i l l  be q u i t e  v a l u a b l e  i n  t h e  e v a l u a t i o n  o f  o t h e r  proposed 
chemical coal  c l e a n i n g  techniques. 

Table 5 .  EFFECT 

Datum 

We i gh t recove red 

OF AMES PROCESS ON PYRIDINE EXTRACT OF ILLINOIS #6 COALa 

Ames Processed E x t r a c t  

E x t r a c t  NZb 0 ZC 

_- 93% 85% 
d E 1 emental Ana 1 ys i s  

C 76.6 77.9 
H 6.1 5.8 
S 0.8 0.8 

O(by d i f f . )  14.4 12.8 

68.5 
4.9 
0.9 

22.3 
S/C r a t i o  (moles) 0.028 0.026 0.034 
H/C r a t i o  (moles) 0.95 0.90 0.85 
O/C r a t i o  (moles) 0.25 0.22 0.43 

a1500C, 0.2 M aqueous Na2C03, 1 hour. b200 p s i  N pressure. '200 p s i  O2 pressure. 
2 

dSamples c o n t a i n  a small amount of ash o r  NaCI. Element percents a r e  expressed ash 
o r  NaCl f r e e .  
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The r e s u l t s  f o r  model compounds are presented i n  Table 1 .  The lack  of 
r e a c t i v i t y  e x h i b i t e d  was su rp r i s ing .  
may a c t  as a c a t a l y s t  i n  the ox ida t i on ,  reac t i ons  o f  severa l  compounds were c a r r i e d  
o u t  i n  the presence o f  coa l .  These r e s u l t s  a re  shown i n  Table 2. 

I n  o rde r  t o  assess the p o s s i b i l i t y  t h a t  coa l  

TABLE I .  EFFECT OF AMES PROCESS ON MOOEL ORGANIC SULFUR C O M P O U N D S ~  

~ 

RE COVE REO 
START I NG 
MATER 1 AL 

@/, 

5% 

96% 

a n  

98% 

9% 

3 6% 

2 91/, 

PRODUCTS 

@-S03Na (95%) 

@S03Na (9'3%) 

No reac t i on  

No r e a c t i o n  

No r e a c t i o n  

'I5O0C, 200 p s i  02, 0.2M aqueous Na CO 1 hour. 
2 3'  

TABLE 2 .  EVALUATION OF POSSIBLE COAL CATALYSIS IN AMES PROCESS 

Mode 1 Compound 

f i ;  henzgthinnhrne 

Diphenyl S u l f i d e  

D i o c t y l  S u l f i d e  

Benzyl Methyl S u l f i d e  

Y i e l d  of Recovered S t a r t i n q  M a t e r i a l  

Model Compound L o v i l i a  Coal Added 

O2 - N2 
Alone - 

96% ax 76% 

98 76 74 

a2 90 _ _  
36 75 13 

i 6 



I 

I n  order  t o  take  i n t o  account t h e  decreased recovery expected due t o  adso rp t i on  
O f  the model compounds onto coal ,  runs us ing  b o t h  oxygen and n i t r o g e n  were per- 
formed. 
c i p l e  f u n c t i o n a l  groups expected t o  be i n  coa l ,  are i n e r t  t o  o x i d a t i o n  under t h e  
Ames Process cond i t i ons .  

o x i d a t i o n  t o  d i s u l f i d e s  ( 7 )  and t h e  o x i d a t i o n  o f  th iophenols  and d i s u l f i d e s  t o  s u l -  
fon ic  ac ids  under more f o r c i n g  cond i t i ons  i s  a l s o  known(8). 
s u l t s  o f  t he  r e a c t i o n  o f  two compounds, benzy l  methyl s u l f i d e  and benzyl phenyl 

The r e s u l t s  con f i rm  t h a t  s imple s u l f i d e s  and dibenzothiophene, the  p r i n -  

O f  t h e  r e a c t i v e  func t i ons ,  t h iopheno ls  a re  w i d e l y  known t o  underqo f a c i l e  a i r  

That leaves the r e -  

su l f i de ,  t o  be expla ined.  The f a c t  t h a t  i t  i s  o n l y  t h e  b e n z y l i c  s u l f i d e s  which 
a re  r e a c t i v e  i s  remin iscent  o f  hydrocarbon au tox ida t i on ,  a l ong  known and w e l l  
s tud ied  process which i nvo l ves  t h e  f r e e  r a d i c a l  a b s t r a c t i o n  o f  hydrogen from weak 
carbon-hydrogen bonds(9). Table 3 presents  t h e  r e l a t i v e  r a t e s  o f  hydrogen ab- 
s t r a c t i o n  from some rep resen ta t i ve  compounds by phenyl r a d i c a l  ( l o ) ,  t he  most 
s tud ied o f  t h e  hydrogen abs t rac to rs  and t -bu ty lpe roxy  r a d i c a l  ( l l ) ,  more c l o s e l y  
s i m i l a r  t o  t h e  peroxy r a d i c a l s  which we p o s t u l a t e  would be t h e  hydrogen a b s t r a c t i n g  
species i n  t h e  Ames Process, as w e l l  as the  a u t o x i d a t i o n  r a t e  o f  the pure compounds. 

TABLE 3. RELATIVE RATES OF HYDROGEN ABSTRACTION BY FREE RADICALS 

Compound Ph', 60°Ca (CH3)3COO'  , 30°Cb RH + R O O . ,  30°Cb 

(1.0) (1.0) 

3.6 5 . 0  

5 . 1  8.9 

(1.0) 

2.3 

8.3 

aData o f  r e f e r e n c e  10. 

ox id i zed  t o  e i t h e r  the s u l f o x i d e  o r  su l fone,  which then are respons ib le  f o r  t he  ob- 
served products ,  both benzyl phenyl s u l f o x i d e  and benzyl phenyl su l fone  were sub- 
j e c t e d  t o  the r e a c t i o n  cond i t i ons .  Because t h e  su l fone  i s  i n e r t ,  i t  can be r u l e d  
o u t  as a poss ib le  r e a c t i o n  in termediate.  
gives su l fone  as one o f  t he  products. 
d a t i o n  o f  s u l f i d e  under process cond i t i ons ,  t he  s u l f o x i d e  i s  a l s o  e l im ina ted  as a 

bData o f  re fe rence  11. 
I n  o rde r  t o  r u l e  ou t  t he  p o s s i b i l i t y  t h a t  t h e  b e n z y l i c  s u l f i d e s  are i n  f a c t  

Although i t  does r e a c t ,  t he  s u l f o x i d e  
Since su l fone  i s  no t  i s o l a t e d  i n  the o x i -  
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0 

No React ion  (93% recovery)  (4) 

2 2% 7 3% 

poss ib le  r e a c t i o n  in termediate.  

Beside benzy l i c  s u l f i d e s ,  one would expect t h a t  some hydrocarbons, f o r  ex- 
ample, f luorene,  would a l so  be r e a c t i v e  t o  the o x y d e s u l f u r i z a t i o n  cond i t i ons .  
Under h e s  process cond i t i ons ,  f l u o r e n e  i s  indeed degraded t o  i t s  known a u t o x i -  
d a t i o n  product, f l uo renone( l3 ) .  Wh i le  we have no t  y e t  r u n  o t h e r  hydrocarbons 
which might be expected t o  be r e a c t i v e ,  we b e l i e v e  t h a t  they w i l l  behave s i m i l a r l y .  

n 

F ledg l i ng  s tud ies  o f  s u l f u r - c o n t a i n i n g  s y n t h e t i c  po lymers( l4)  add suppor t  t o  
t h e  model compound stud ies.  Table 4 shows the  r e s u l t s  o f  s u b j e c t i n g  t h r e e  modi- 
f i e d  polystyrenes t o  t h e  Ames Process cond i t i ons .  Both the  phenyl th iomethy l  and 
t o l y l t h i o m e t h y l  po lystyrenes are analogs o f  t h e  model compound, benzyl phenyl 
s u l f i d e .  
f o r  s o l i d  coa l ,  were r e a c t i v e ,  bu t  l e s s  so than t h e  corresponding model compound. 
Polystyrene c ross - l i nked  by  d ibenzoth iophene i s  un reac t i ve ,  con f i rm ing  t h e  i n e r t -  
ness o f  t h e  dibenzothiophene mo ie ty  t o  oxydesu l fu r i za t i on .  

As we had a n t i c i p a t e d ,  t h e  s o l i d  polymers, which should be b e t t e r  models 

TABLE 4. EFFECT OF THE AMES PROCESS ON SULFUR-CONTAINING POLYSTYRENE P O L Y M E R S ~  
b Po 1 ymer 

@ - C H 2 - S G  

@ C H ~ - S ~ C H ~  

@ - C H ~ - D B T - C H ~ ~  

% S u l f u r  Removed 

10% 

2 0% 

0 

-150"C, 200 p s i  02, 0.2 M aqueous Na2C03, 1 hour. 

'@= po lys ty rene  backbone; s u b s t i t u e n t s  are at tached through the  para p o s i t i o n .  

DBT = dibenzothiophene nucleus, 

5% 



Finally, we have subjected the pyridine ex t rac t  of an I l l i n o i s  #6 coal t o  
the Ames Process conditions. 
and hence, the qui te  accurate to ta l  su l fur  determination i s  a lso the organic sul- 
f u r  determination. 
does not reduce the organic su l fur  level of the ex t rac t .  On the other  h a n d ,  some 
of the extract  i s  apparently oxidized as judged by the increase i n  S/C r a t i o ,  the 
increase i n  oxygen content, and  the  increased O / C  r a t i o .  

model compound s tudies  a re ,  in  summary, the following: 

All of the sulfur  i n  a n  extract  i s  organically bound 

The resu l t s  in  Table 5 show tha t  oxydesulfurization apparently 

Our conclusions concerning the  oxydesulfurization process as gleaned from 

1. Thiophenols and d isu l f ides  a re  the only groups oxidized a t  su l fur .  
2 .  Sulf ides ,  including thiophenes, are  n o t  oxidized a t  sulfur .  
3.  Reactive sulf ides  are  oxidized a t  react ive carbon-hydrogen bonds. 
4. Reactive carbon-hydrogen bonds in  functions not containing su l fur  a lso 

react .  
5. The Ames Process i s  d i r e c t l y  analogous t o  hydrocarbon autoxidation. 
6.  More e f f i c i e n t  su l fur  removal without severe degradation of the coal 

i s  not possible under the present process conditions. 
The success which these model compound s tudies  have had in defining the l imi t s  

of the eff icacy of the Ames oxydesulfurization process encourage us to  believe 
tha t  t h i s  approach will be qui te  valuable i n  the evaluation of other  proposed 
chemical coal cleaning techniques. 

Tab le  5. EFFECT OF AMES PROCESS ON PYRIDINE EXTRACT OF I L L I N O I S  #6 COALa 

Ames Processed E x t r a c t  

Datum E x t r a c t  NZb 02= 

Weight recovered -- 9 3% 85% 
Elementa l  Ana lys i s  

C 76.6 77.9 68.5 

d 

H 6.1 5.8 4.9 
S 0.8 0.8 0.9 

O(by d i f f . )  14.4 12.8 22.3 

S / C  r a t i o  (moles) 0.028 0.026 
H/C r a t i o  (moles) 0.95 0.90 
o/c r a t i o  (moles) 0.25 0.22 

0.034 
0.85 
0.43 

3 ,  1 hour. b200 p s i  N pressure .  ‘200 p s i  0 p ressure .  
2 2 

a1500C, 0.2 H aqueous NapCO 

dSamples c o n t a i n  a smal l  amount o f  ash o r  NaCl. Element pe rcen ts  a r e  expressed ash 
o r  NaCl f ree .  
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